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Quantum Power Pulse Combination Modulation to Achieve Full Load Range
ZVS of DAB Converters in Wide Voltage Gain

Zhihua Fan"”, Haifeng Lu

Abstract—Zero voltage switching (ZVS) is of great importance
for reducing the switching loss in the dual active bridge (DAB)
converter. Traditional phase-shift control for DAB is affected by the
junction capacitance of switches, leading to an inherent non-ZVS
region. This letter proposes a quantum power pulse combination
modulation to fill the non-ZVS gap, which regulates power through
a sequence of power or nonpower pulses with integer periods.
During nonpower periods, one bridge generates a zero level voltage,
thus the inductor current can behave as a controllable magnetizing
current by adjusting the duty cycle of the other bridge, allow-
ing seamless transitions between the two adjacent periods. The
proposed method makes DAB operate at intermittent continuous-
current mode, and realize ZVS in the region of light load and
wide voltage gain, especially near unity gain. As the load increases
beyond a certain power, the nonpower pulses disappear naturally,
and the method reverts to traditional control. Experiment results
confirm that the efficiency of the DAB is significantly improved,
and no dc offset occurs in the inductor current.

Index Terms—Continuous-current mode (CCM), dual active
bridge (DAB), intermittent mode, quantum power pulse
combination (QPPC), zero voltage switching (ZVS).

1. INTRODUCTION

HE soft switching characteristics for all switches in the

dual active bridge (DAB) play a vital role in reducing the
switching loss and improving the efficiency. Due to the impact of
junction capacitance, conventional triple phase-shift (TPS) con-
trol [1], [2], [3] with multimode modulation for DAB inherently
results in a nonzero voltage switching (ZVS) region. To achieve
soft switching in full load range, the triangular modulation
(TRM) [4], [5] operates the inductor current in discontinuous
conduction mode (DCM), facilitating zero-current switching
(ZCS) in the non-ZVS region, but this comes at the cost of
losing ZVS, resulting in some efficiency loss. The trapezoidal
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modulation (TZM) [6] injects reactive current to improve the
ZVS at light load by redesigning the magnetizing inductance.
However, due to the uncontrollable nature of the magnetizing
current, a larger magnetizing current is required to achieve ZVS,
which increases conduction losses. Moreover, the magnetizing
current can only be injected into a single bridge.

A more efficient method to fill the non-ZVS gap is the
time-sharing mixed-mode modulation [7], which operates alter-
natively between two ZVS-enabled modes for heavy and light
loads. To ensure smooth transitions between different modes,
some additional adjustable periods are inserted. An obstacle to
mixed-mode modulation is the absence of a ZVS region near
the corner of the unity voltage ratio and light load [1]. The
intermittent continuous-current mode (CCM) modulation [8]
mixes normal power ZVS intervals with nonpower intervals,
during which both the primary and secondary bridges are forced
to zero level, allowing the residual current to circulate natu-
rally through each bridge. The circulating current assists the
switches in performing ZVS, but its unidirectional flow leads to
a significant dc bias in the inductor current, which negatively
impacts ZVS. Extra phase-shift compensation is required to
ensure a smooth current transition. Furthermore, this method
only addresses the case where the voltage ratio is equal to unity.

To fill the non-ZVS gap, this letter proposes the quantum
power pulse combination (QPPC) modulation, which regulates
power through a sequence of integer power or nonpower pulses
with a fixed period.

The rest of this letter is organized as follows. Section II
illustrates the working principle of QPPC. In Section III, ex-
perimental results are given as verification. Finally, Section IV
concludes this letter.

II. NOVEL MODULATION METHOD

The circuit diagram of a DAB converter is shown in Fig. 1.
M is defined as Vo /(nV7). This letter takes forward power flow
and M < 1 as an example to illustrate the operating principle.

In [9], due to the influence of switch junction capacitance
and dead time, the ZVS region of mode A under traditional
phase-shift control has a lower power boundary (P4 i), while
that of mode B has an upper power boundary (Pp ). This
implies the existence of an inherent non-ZVS gap between P4 i
and Pp ., as shown in Fig. 2. Notably, when the voltage ratio
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Fig. 1. Circuit diagram of the DAB converter.
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Fig. 3. QPPC waveforms at M = 1.

approaches unity gain (M., < M < 1),the ZVS region in mode
B shrinks to disappear, while mode A also fails to achieve ZVS at
the light load. To address the issues mentioned above, this letter
discards mode B and takes the ZVS region of mode A (P >
P4 i) as power periods. Meanwhile, mode Z is constructed to
achieve ZVS in a wide voltage gain range, including values near
1, and is utilized as nonpower periods. By alternating between
the two ZVS-enabled modes, ZVS can be achieved based on the
weighted average power of the two modes, which can effectively
fill the inherent non-ZVS region.

A. Quantum Power Pulse Combination Modulation

Fig. 3 illustrates the operating waveforms of QPPC at M = 1,
which consists of a sequence of integer power pulses (n, = 1)
or nonpower pulses (n, = 2) with an integer period. During
the power periods (t; — t3), the DAB operates within the ZVS
region of mode A. During nonpower periods ({4 — t¢5), the oper-
ating mode is referred to as mode Z, the primary bridge generates
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a voltage v,;, of 0 V, whereas the secondary bridge is actively
controlled by a small duty cycle, allowing the phase-shift induc-
tor to function as an adjustable magnetizing inductance. Hence, a
controllable reactive current circulates between the two bridges,
enabling ZVS operation in mode Z. Additionally, it allows
switches to perform ZVS at the beginning of power periods
and supports seamless transitions between the two modes. In
mode Z, it is evident that only reactive current flows through the
bridges without transferring active power. This allows the DAB
to operate in intermittent CCM. It is worth noting that, when
power flows in the reverse direction, the roles of the primary
and secondary bridge are swapped.

The QPPC modulation involves the following key points: 1)
ensuring ZVS at each commutating time (t; ~ tg); 2) achieving
seamless switching between the two modes without dc bias and
extra transition intervals; 3) minimizing the reactive current iz
in mode Z to reduce conduction loss.

According to [1], the critical ZVS current ip_4 i, 15 A cri I
mode A, and iz . in mode Z can be calculated as

irp (t1) > ip aai = /2Qp - (Vi +Va/n) /L
ip (t2) > is 4 i = \/2Qs - (Vi + Va/n) /L
iy (t3) > ip_a i = /2Qp - (Va/n) /L
in (t4) > ichri = QQS . (Vg/n) /L
where Qp and Qg denote the stored charges of the junction
capacitance in the primary and secondary sides, respectively.
When the DAB operates in mode A at M =1, iz,(t1) =

irp(t2) can be obtained. To achieve ZVS of all switches in mode
A, the following relation should be met:

ey

irp (t1) 2 94 i = MAX (1P_A_cris 15_A_cri) - ()

The ZVS condition for mode Z requires iz > iz .. Besides,
when switching from mode Z to mode A, the ZVS condition at 5
1S iz > 1z oi. Therefore, to minimize conduction losses while
ensuring ZVS, iz = max(i4_ci, 2z o) 18 set. According to (1),
1A ori > 1z ori can be obtained. Thus, the equation iz =74 i
can be got.

To eliminate dc bias during the dynamic transition, when
switching from mode A to mode Z, the phase-shift angle is inten-
tionally changed from Dy to 2Dy, so that iy, (t3) = ir,(ts) =
1A i, Which also indicates that the duty cycle for mode Z is
2Dy. Dy can be easily derived as

Df - Z‘A_cri_pu- (3)
The out power P4_ci_py can be given as
P A_cri_pu — _4i?4_cri_pu + 4iA_cri_pu~ “)

Meanwhile, the base values of voltage, current, and power are
defined as
Ve =W
I, =V,/(4fsL) . 5)
P, = ViVa/ (8nf.L)
More generally, the QPPC waveforms at M < 1 is shown in
Fig. 4. Considering the ZVS conditions at f5 and ¢4, 7z must be
greater than both ip A ¢ and ig A . Therefore, iz =74 i

is set. DA regulates the difference between iz, (t3) and iz,
enabling seamless transitions between mode A and mode Z.
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Fig. 4. QPPC waveforms at M < 1.
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The expressions of Dy, Dy, Da, and Dy are calculated as
Dy =2iy pu/M
Dy =(isaipu+1—M)/2
Dy = (2M —2M Dy —ip_cipu) / (1 + M)
DA =Dy =MDy +2MDy — iz p.
The output power P4_ci_pu can be calculated as
P cripu = —4D} — D} + 4Dy + 2Dy — 1. (7)
Assuming that the macroscopic period n consists of n, pe-
riods in mode A and n, periods in mode Z, As mode Z does

not transfer active power, the weighted average power P, is
expressed as

(6)

Pye = PA_cri : np/n (8)

The ZVS region distribution with n» = 5 under QPPC modu-
lation is shown in Fig. 5. When the load power falls below Py i,
ZVS can be achieved based on the weighted average power of
mode A and mode Z. As a result, the power range below Py i
can be divided into n ZVS regions by average power curves,
effectively covering the original non-ZVS regions.

B. Output Voltage Ripple

Let 7 denote the operating mode at the kth period (: =1
for mode A, O for mode Z). The theoretical calculation of
output voltage ripple is illustrated using a continuous sequence
{11100000} as an example, and the output voltage ripple is
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Fig. 7. Waveforms of i, and its average value.

depicted in Fig. 6. The output voltage ripple consists of two
parts: switching ripple and envelope ripple. The switching ripple
results from the harmonics component of the rectified current ¢,,
and has aripple frequency twice that of the switching frequency.
The switching ripple is caused by the difference between 7, and
its average value. The waveforms of 7, and its average are shown
in Fig. 7. The shaded areas (), and @), represent the charges
causing the upward and downward ripples of the output voltage,
respectively.

By performing piecewise integration, the average current can
be calculated as

ta
tave = / io(t)dt = (—4Df — D} + 4Dy + 2Dy — 1) /2.

ty
©)
Considering only the case where t1 < t,, < t,, < t3, ), can
be derived as
b (7;0 (t2) - iave>2
a — ’o t) — .a'u = TS s a0\
Qo= [ (i) =iong) = S
Q,, for other cases can be calculated in a similar manner. The
switching ripple can be calculated as
Qa
Co’
The above switching ripple calculation corresponds to the
output voltage ripple of mode A under TPS control, and can

(10)

m

AV, = an
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Fig. 8.  Output voltage ripple waveforms for a sequence {10100100}.

be generalized to calculate the output voltage ripple for other
modes.

The envelope ripple is induced by different operating modes.
During power periods, the output capacitor charges, causing the
output voltage to rise. Conversely, during nonpower periods,
the output capacitor discharges into the load, causing the out-
put voltage to fall. Assuming that a constant load current I,
discharges the output dc capacitor C', during nonpower periods.
The peak-to-peak value of envelope ripple AV, for acontinuous
sequence can be calculated as

AVOG :IL Ny ~Ts/co. (12)
Substituting I;, = P,/ V2 into (12), AV, is reformulated as

AV, = 1,15 Paye _ TsPa_ci ) ) (13)
CoVa Co Vs Np + Ny

Assuming that macroscopic periods n = 8 consist of n, =
3 and n, = b5, various sequence combinations can be formed,
such as { 11100000} and {10100100}, each resulting in varying
degrees of envelope ripple. The envelope ripple is shown in Fig. 8
for the sequence {10100100}. As seen, the envelope ripple for
{10100100} is determined by the leading sequence {101} and
can be calculated as

AV, — (2 (PA_cri - Pdve) - Pave) : TS o 7-PA_criT‘S

o Co‘/2 B 800V2

The switching ripple and envelope ripple are independent of
each other. The total output voltage ripple can be calculated by
summing the two components. Given that @), < I, - T, the
switching ripple is negligible compared to the envelope ripple.
Consequently, the output voltage ripple is primarily determined
by the envelope ripple.

The output voltage ripple calculation described above can be
extended to other sequences. The voltage ripples for continuous
sequences and optimum sequences are listed in Table I. It is
found that the optimum sequence that minimizes voltage ripple
is obtained when the power periods are most evenly distributed.

An alternative approach to reducing output voltage ripple is to
increase the switching frequency of mode A, thereby lowering
the critical ZVS power boundary P4 . Fig. 9 shows Py ¢
varying with switching frequency ratio F'. P4 ., decreases as F’
increases. Based on (13), reducing P4 i can effectively lower
AV,.. However, beyond a certain frequency threshold, higher
frequency introduces greater turn-OFF and conduction losses,

.My

(14)
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TABLE [
OUTPUT VOLTAGE RIPPLE FOR
Ts = 10us, Va = 300V, Cge = 4.TF, Pa_c = 320 W

| Continuous sequence [ Optimum Sequence

n  np Sequence Ripple(%) Sequence Ripple(%)
1 10000 0.61 10000 0.61
2 11000 0.91 10100 0.30
5 3 11100 0.91 11010 0.30
4 11110 0.61 11110 0.61
1 100000 0.63 100000 0.63
2 110000 1.01 100100 0.25
6 3 111000 1.13 101010 0.13
4 111100 1.01 110110 0.25
5 111110 0.63 111110 0.63
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Fig.9. P4 i varying with switching frequency ratio F'.

TABLE I
EXPERIMENTAL PARAMETERS OF PROTOTYPE

Parameter Value Parameter Value
Vi 40V 1:n 1:7.5
Vs 150-300V L 2.3 uH
fs 100 kHz Lo, 35.6 uH
C, 10 uF Maximum P, 1200 W
S1— Sa LSGT10R018HC S5 — Ss TPA65R400CE
Rds(on) of S1 1.85m¢2 Rds(on) of Sx 400mS2
Coss of S1 1984 pF Coss of S5 41 pF
Transformer core ECI51 Inductor core PQI3525
Core material DMR95 Core material PC44

offsetting the benefits of ZVS [9]. Consequently, F' should not
be set excessively high. In this letter, a fixed frequency of /' = 1
is selected to validate the effectiveness of the QPPC modulation.

C. Theoretical Loss Analysis

A DAB prototype was fabricated with specifications listed
in Table II. By using the loss calculation method [10], this
section performs a loss breakdown comparison with M = 1 at
a load power of 160 W (P4 i = 320 W, n, = n, = 2). The
analysis results are illustrated in Fig. 10. Based on the operating
waveforms, the power loss of QPPC can be approximated as the
weighted average loss of mode A and mode Z. Therefore, the
power lossis linearized as: 1, P4 _1oss + 122 P7 1055, Where the loss
Pz 10ss inmode Z remains low (about 5 W) due to ZV S operation,
minimal transformer core loss caused by low peak-to-peak flux
density, the inactive state of one bridge switches and the small
turn-OFF current of another bridge switches. For mode A, when
the load power equals P4 i, the loss P4 joss can be estimated at
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Fig. 11. Experimental prototype of the DAB converter.

13.2 W, which is also relatively low. Therefore, the losses under
QPPC can be minimized, as they correspond to the weighted
average loss of the two modes.

Asseenin Fig. 10, the total power loss under TPS [2] is consid-
erably larger than that under QPPC, primarily due to the greater
turn-ON loss caused by non-ZVS and the large transformer core
loss. Similarly, due to its operation in DCM, TRM suffers from
non-ZVS, resulting in higher power loss than QPPC. On the
other hand, the conduction loss and turn-OFF loss under QPPC
are relatively higher than TPS and TRM due to the larger reactive
current in mode Z. Consequently, ZVS can reduce the switching
loss significantly and thus improve the efficiency.

III. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed method, An
experimental prototype of a DAB converter was constructed as
shown in Fig. 11, with its corresponding experimental parame-
ters detailed in Table II.

A. ZVS Comparison Between TPS and QPPC at M = 1

Fig. 12 shows the experimental waveforms of mode A at M =
1 under TPS. When the output power P, = 190 W is less than
the critical ZVS power boundary Py o = 320 W, the turn-ON
current of the secondary switches is lower than I 4_¢i. This brings
a voltage spike in v.q, indicating that the DAB operates within
the inherent non-ZVS region.
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Fig. 13.  ZVS waveforms of QPPC (n, = 3,n, = 2) when M = 1.

Fig. 13 illustrates the waveforms of QPPC (n, = 3,n, = 2)
at M = 1. For comparison purposes, the average power under
QPPC modulation (Pyyg = 3P4 _i /5 =192 W) is aligned with
the output power under TPS to ensure consistency. As seen,
the gate signals v, of switches S5 and Sy are given, and their
drain-source voltages vy can be indirectly obtained from vq.
Before S5 and Sy are turned ON, their junction capacitances
have been discharged to 0 V, indicating that ZVS is achieved.
Moreover, no voltage spike or ringing occurs in v, and vgg,
confirming ZVS operation. As seen from Fig. 13, the QPPC
modulation ensures ZVS for both mode A and mode Z, as
well as during dynamic processes, while preventing dc offset
in the inductor current. Furthermore, by adjusting the number of
power and nonpower periods within the macroscopic period, the
average output power under QPPC can be regulated. Therefore,
the QPPC modulation can achieve ZVS at power levels below
P4 i, completely eliminating the inherent non-ZVS region.

B. ZVS Comparison Under Different Modulations at M < 1

Fig. 14(a) shows the non-ZVS waveforms of mode A under
TPS at M = 0.5. When the output power P, decreases from
P i =240W to 145 W, ¢ = Dy — (1 — D1)/2 gradually
approaches zero, making it difficult to achieve ZVS. As seen
from Fig. 14(a), the vy, of the primary switches does not fully
reach zero during the dead time, a condition referred to as
partial ZVS. Meanwhile, a voltage spike is observed in the
Vcd, indicating that the secondary switches lose ZVS. When P,
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Fig. 14.  Non-ZVS waveforms at M = 0.5. (a) Mode A of TPS. (b) Mode C
of TPS in [1]. (¢) TRM.

further decreases to 90 W, the DAB converter enters mode C
under TPS control in [1], as shown in Fig. 14(b). In this case,
the secondary switches are unable to achieve ZVS, implying that
the DAB operates within the non-ZVS gap depicted in Fig. 2.
Fig. 14(c) shows the non-ZVS waveforms under TRM (110 W).
As seen, the inductor current takes on a triangular waveform,
enabling ZCS of the switches. However, this compromises ZVS.

Fig. 15(a) illustrates the ZVS waveforms of QPPC (n, =
3,n,=2) at M =0.5 under forward power flow (P, =
145 W). As seen, before the v, signals of S5 and Sg change
from zero to positive, vys have already reached zero, so ZVS
of S5 and Sg can be obtained. Moreover, no voltage spike or
partial ZVS occurs in v, and v.4, indicating that all switches can
achieve ZVS. Besides, it should be noted that 7 is maintained
at the minimum level required for ZVS, which helps minimize
conduction losses.

Fig. 15(b) shows the experimental waveforms of QPPC
(n, = 2,n, = 3) under reverse power flow (96 W). The differ-
ence between forward and reverse power lies in the regulation
of the inductor current in Mode Z. For forward power flow, it
is regulated by the secondary bridge, whereas for reverse power
flow, it is regulated by the primary bridge.

C. Output Voltage Ripple

To validate the theoretical calculations of output voltage
ripple, the experimental waveforms at M = 1 under TPS,
QPPC using the continuous sequence {11100} and QPPC
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Fig. 15. ZVS waveforms of QPPC at M = 0.5. (a) Forward power
(np = 3,n, = 2). (b) Reverse power (n, = 2,n, = 3).

using the optimum sequence {11010} are shows in Fig. 16.
Substituting the experimental conditions of P ¢ = 320 W,
C, = 10uF, V5 = 300V to the calculation formula in Section
I yields AV, =0.16V,1.28V,0.85V. The theoretical
values are generally consistent with the experimental results
AV, =0.2V,1.56V,0.76 V.

Fig. 17 shows the experimental waveforms at M = 0.5 for
three different cases: TPS, QPPC with the sequence { 11100000},
QPPC with the sequence {10100100}. The experimental con-
ditions is P4 ¢ = 240 W, C, = 10uF, V5, = 150 V. The the-
oretical values AV, = 0.32V,3.0V,1.4V are nearly identical
to the experimental values AV, = 0.18 V,2.04 V,1.02 V.

D. Transient Waveforms

Fig. 18 shows the transient waveforms of power reversal
from 106 to —320 W. Note that no dc bias or oscillation is
observed in such a test. The entire test is completed within 50
us, demonstrating a fast transient response.

E. Loss and Efficiency

Fig. 19(a) and (b) plots loss curves and efficiency curves,
respectively. For load power levels above 320 W, mode A under
TPS is applied in all cases. Atload power levels below 320 W, the
DAB under TPS [2] suffers from partial ZVS, which increases
the switching loss, thereby leading to lower efficiency. The
loss curves of TRM and QPPC in intermittent operation exhibit
distinct linearized trends. The experimental results indicate that
QPPC has lower power losses than TRM, due to the significant
reduction in switching losses enabled by ZVS. However, the
QPPC may lead to increased conduction losses caused by the
reactive current flowing in mode Z. Thus, within the extreme
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Fig. 16.
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Fig. 17.

Output voltage ripple at M = 0.5. (a) Mode a under TPS. (b) Continuous sequence {11100000}. (¢) Optimum sequence {10100100}.

TABLE III
COMPARISONS OF DIFFERENT MODULATIONS

Items TPS[2] TRM[4] TZM with magnetizing current[6] QPPC
Soft switching Non-ZVS gap ZCS for four switches ZVS in full load rang ZVS in full load rang
RMS current Small Smallest Large Small
Peak current Medium Smallest Large Small (average)
Switching frequency Fixed frequency Fixed frequency Fixed frequency Small (average)
Transformer core loss Large when M near 1 Small Small Small (average)
Control complexity Small Small Medium Large
light load ranges (about 30 W), the TRM has higher efficiency
than QPPC.
The QPPC is compared with other methods in various aspects,
- vcd(SOOV/dw)/v | . B as summarized in Table III.
f \ Vo e f M M r M el
AVUAVATAY \;’7~‘f‘kJ",,UL‘ VU
= i(10A/div) 31,,(2A/d”ig):é_ywl IV. CONCLUSION
This letter proposes the QPPC modulation, which alternates
Fig. 18. Transient waveforms when power reversal. between power pulses in mode A and nonpower pulses in mode
Z. The mode Z is constructed to make the inductor current
% i 100 controllable, not only enabling ZVS in a wide voltage gain range
40 v I * A but also ensuring seamless switching between the two modes.
£30 / °\;90 The load power can be approximated by the average power of
ﬂ: 0 5 o f f . s QPPC. Therefore, the full load range ZVS is achieved in terms of
9 - . . . .
= TPS £ f ~o- TRM average power. This method is straightforward to implement and
10 Igﬁf,\dc 1 % -/ AQPPC does not require any additional hardware resources. Experimen-
0 — 75 tal results show that the method significantly improves overall
0 200 400 600 800 0 200 400 600 800 .
Output Power (W) Output Power (W) efﬁCICnCy.
(a) (b) However, this method may increase the output capacitor volt-

Fig. 19. M =1 (a) Loss versus output power. (b) Efficiency curve.

age ripple, which can be mitigated by adjusting the sequence of
power and nonpower periods.
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